THE MOST DIRECT APPROACH to measurement of the volume of blood regurgitating across an insufficient mitral valve consists of the injection of indicator into the left ventricle and simultaneous sampling of blood from the left atrium and from the aorta or one of its branches. If mixing is complete in the left ventricle, the distribution of indicator to upstream and downstream collection sites is a function of the volumes of blood flowing in these directions.
This principle has been used in experimental animals and in man by a number of investigators. [1] [2] [3] [4] [5] Established Investigator of the American Heart As-$ociation.
no clinical case was a duplicate measurement, described, and available data on reproducibility of this method are limited to studies of surgically produced lesions of short duration in dogs5 and of tricuspid insufficiency in a small number of patients with lesions of limited severity. 6 The present study was designed to evaluate this direct method for the quantification of clinical mitral insufficiency.
Materials and Methods
Twenty-four studies were performed in 16 patients with rheumatic disease of the mitral valve. Two of the patients were demonstrated at cardiac catheterization to have severe aortic stenosis, which was confirmed at surgery. Clinical, fluoroscopic, and physiologic evidence of aortic regurgitation was absent in all patients. The mitral lesion was classified as pure mitral stenosis (MS), predominant mitral stenosis with mild to moderate insufficiency (MSmr), predominant and moderate to severe insufficiency (MRms), or pure and severe mitral insufficiency (MR). In six patients in whom surgery was not performed, classification was based on clinibal information and physiologic data not including the method under study.7-9 In the 10 patients who underwent surgery, classification was based on the clinical, physiologic, and surgical findings.
Indicator-dilution curves were obtained during catheterization of the left side of the heart, performed by the percutaneous transdorsal route with the patient in the prone position and under mild barbiturate sedation. Evans-blue dye (4 to 5 lug.) was injected rapidly from a calibrated pipette10 through a polyethylene catheter (internal diameter 0.76 mm.) into the left ventricle. Beginning shortly before the injection of dye, blood was collected simultaneously from a 7-inch, thin-walled, 16- arterial dilution curve, and ALA = the area under the early left atrial dilution curve.
In eight patients this study was repeated after an interval of 10 to 30 minutes. In all patients, systemic output was also measured independently from a peripheral arterial dilution curve after injeetion into the left atrium. In six patients, the latter measurement was repeated after an interval of 10 to 30 minutes. Differences between duplicate measurements of regurgitant flow, between duplicate measurements of forward flow with the same injection site, and between measurements of forward flow with the two different injection sites, were evaluated with standard statistical technics for small samples'6 The relationship between estimated QR and the diagnostic classification was measured with use of the correlation ratio eta, which is applicable whether or not the relationship is linear.16 Further details of the technies employed in these studies have been reported previously. 17 Results
The results of this study are presented in table 1.
Measurements of Forward Flow
The statistical analysis summarized in table 2 demonstrates that, in this series of patients, the variability in estimates of cardiac output was not greater with left ventricular than with left atrial injections, and that there was no systematic difference in estimate of cardiac output between the two injection sites. In to replication with the error variance due to addition, comparison of a coefficient of variation for each patient (with 1 degree of freedom) with that for the entire group (with appropriate degrees of freedom) reveals that none of the individual differences between replicates was statistically significant, and in only one patient (R.S.) did the measurement of systemic flow obtained with atrial injection differ significantly (p < 0.05) from that obtained with ventricular injection.
These results permit the conclusion that satisfactory estimates of systemic flow can usually be obtained with injection of indicator into the left ventricle.
Measurements of Regurgitant Flow
Validity Figure 1 illustrates the raw data obtained in one patient in each of the four diagnostic groups in whom the dilution curves were considered satisfactory and the estimates of QR conformed to the clinical, physiologic, and surgical findings. It out, and a later, flatter slope representing atrioventricular washout. This is seen most clearly in figure ID but is also evident in figure IC and is suggested in figure lB. Thus is not a dependable quantitative technic. This conclusion is supported by the mathematically absurd result in one patient, the physiologically incredible result in another, the gross discrepancies between physiologic and surgical findings in two others, the evidence for the influence of other short pathways, and the poor reproducibility in duplicate measurements. That such poor reproducibility is not due principally to temporal variation in QR is suggested by other studies,22 in which, with a different quantitative approach, the coefficient of variation in measurement of QR was very much smaller. In addition, in that investigation, the coeffiCirculation, Volume XXIV, October 1961 cient of variation was approximately the same inl patients with and without mitral regurgitation, indicating that variation in measurements of QR was a function of experimental error and that actual QR varied little under the conditions of study. Moreover, in the present investigation, the mathematically impossible and physiologically incredible results can only represent error of the method and indicate the extreme proportions that such error can achieve.
It seems obvious that incomplete mixing must be a principal cause of error. There is abundant evidence from cinefluorography ill dogS23' 24 and from indicator dilution studies in vitro,25 in intact dogs,4' 24, 25 in congenital heart disease,26-28 and in disease of the mitral valve,4 that anatomically complete mixing is rarely, if ever, achieved in cardiac chambers. The cinefluorographic observations of Swan and Beck24 are of particular interest, since ventricular nonmixing was found in the presence of mitral regurgitation. Of seven cinefluorograms that showed more than a trace of mitral regurgitation, all showed ventricular nonmixing. It is also a commonplace angiocardiographic observation that, in clinical mitral insufficiency, regurgitated opaque medium does not invariably opacify the entire atrium.
Although the absence of complete and homogenous dispersion constitutes a physiologic limitation to the success of this method, it should be appreciated that such dispersion is not actually essential. What is required is that the amounts of dye sampled from the atrium by the atrial catheter and by the ventricle, and the amounts of dye sampled from the ventricle by the atrium and the aorta (including branches of the latter and the arterial catheter) be proportional to the volumes of blood sampled. This condition caln be satisfied, in the absence of uniform physical dispersion, by its mathematic equivalent: random distribution and representative random sampling.
The distinction between complete mixing and its mathematic equivalent is not merely semantic; it permits recognition that the largest source of technical error lies in the atrial catheter. As with all sampling, representativeness is a direct function of the ratio of sample size to population size. If forward flow, regurgitant flow, and total flow are large ill relation to the volume of atrium and venltricle, then randomiization of mixing and of sampling will fortuitously provide representative samples of atrial dye to the ventricle and of ventricular dye to the atrium and aorta. However, the flows (samples) obtained through catheters are small in relation to the volumes (populations) sampled '9 if the atrial catheter and the left ventricle are to sample the same population, the atrial curve must permit recognition, not of the average atrial concentration, but specifically of the concentration obtaining during ventricular filling. The recording of such a step function is not possible with conventional methods such as were employed in the present study.
An additional source of error is the existence of other short pathways to the left atrium. In ail earlier commnunicationld it was pointed out that injection into a ventricle and simultaneous collection from an atrium and an artery was merely a special application of a general principle theoretically applicable to the measurement of a variety of regional blood flows, central and peripheral. In the case of central flows, such as bronchopulmonary anastomoses, intracardiae shunts, and valvular regurgitation, the sine qua non is that the regional flow to be measured empties into a cardiac chamber to produce a dilution curve distinct from those of general circulation and recirculation. The coexistence of two such flows precludes the precise measurement of either. Bronchopulmnonary collateral channels, which have been demonstrated to produce an early dilution curve in the left atrium following injection of indicator into the aorta, exist in normal man. 19 In the absence of bronchopulmonary disease, the flow through these collateral channels is only 1 or 2 per cent of left ventricular output,19 and hence would make only a small contribution to the early dilution curve produced by mitral regurgitation. However, it is conceivable that this regional bed is responsible for the occasional finding of "regurgitated" dye in intact animals4 and in patients with pure mitral stenosis, as in the studies by Woodward et al.4 and in the present series. Moreover, the demonstrated enhancement of these collateral channels in certain bronchopulmonary diseases19 would, if such disease coexisted with the valvular lesion, invalidate measurements of mitral regurgitation by the regional flow method.
The results may possibly be improved by certain technical refinements. The use, for Circulation, Volume XXIV, October 1961 example, of a blunt-ended catheter with multiple, radially arranged orifices may enhance ventricular dispersion of dye.5 25 A comparable improvement in the atrial sampling system can also be conceived. The latter, however, must entail a substantially more rapid sampling rate without a proportional increase in caliber, and hence volume, of the sampling conduits, since the latter will impair the system 's dynamic response. 30 The mixing requirements of this method are, moreover, very stringent. It seems unlikely that these and other technical refinements can eliminate the inaccuracy and irreproducibility demonstrated in this study, and permit a single observation to be accepted with a high degree of confidence. Thus, the need for multiple measurements will remain, and the attendant expenditure of time and labor, and the necessary prolongation of left heart catheterization studies will, in all probability, quite properly limit the application of this method. Moreover, methodologic improvements will not eliminate the occasional, possibly appreciable, error arising from the existence of bronchopulmonary collateral channels in some patients with acquired valvular heart disease.
Summary
Measurements of forward and regurgitant flow were obtained in 16 Eight studies in six patients, however, gave results that were either mathematically absurd, physiologically incredible, in conflict with diagnostic evidence, or otherwise suspect. Moreover, in the seven patients in whom satisfactory duplicate studies were obtained, the reproducibility of results was poor: the mean absolute difference in successive measurements was 17 per cent of total left ventricular output and the coefficient of variation was 23 per cent of an observation.
It is suggested that the principal source of error lies in unrepresentative sampling from the left atrium in the presence of incomplete mixing of indicator with blood in the cardiac chambers. In some patients, an additional and possibly appreciable error may arise from the existence of an enhanced pulmonary collateral blood flow, which provides an alternative short pathway from the left ventricle to the left atrium.
It is concluded that, with conventional sampling technics, this theoretically sound approach is too capricious to be a dependable quantitative method.
